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I .  I n t r o d u c t i o n  
P r o g r e s s  i n  t h e  p a s t  r e p o r t  p e r i o d  h a s  been c e n t e r e d  abou t  
two a r e a s :  (1) development and t e s t i n g  of t h e  atom probe  f i e l d - i o n  
microscope and ( 2 )  q u a n t i t a t i v e  measurements of a tomic  o r d e r  i n  
a l l o y s  of PtCo, Ni4Mo and P t F e .  
i n  i r r a d i a t e d  P t  h a s  a g a i n  been c u r t a i l e d  by t h e  l o s s  of a second 
g r a d u a t e  s t u d e n t  t o  t h e  d r a f t .  
F u r t h e r  work on secondary  d e f e c t s  
I t  w a s  hoped t h a t  a f u l l y  o p e r a t i o n a l  atom probe would be 
f u n c t i o n i n g  by t h e  end of t h i s  p e r i o d ,  however, t h e  d i f f i c u l t i e s  
a s s o c i a t e d  w i t h  i ts  d e s i g n  and c o n s t r u c t i o n  have n o t  been t o t a l l y  
overcome a s  y e t .  On t h e  o t h e r  hand, measurements on a tomic  
o r d e r i n g  p r o c e s s e s  have proceeded b e t t e r  t h a n  expec ted  and t h e  
c u r r e n t  work shou ld  be s u c c e s s f u l l y  concluded  w i t h i n  t h e  n e x t  
y e a r .  The p r o g r e s s  r e p o r t  is t h e r e f o r e  d i v i d e d  between a d e s c r i p t i o n  
of t h e  atom probe  d e s i g n  and t h e  o r d e r i n g  s t u d i e s .  A more comple te  
r e p o r t  on t h e  l a t t e r  shou ld  be  a v a i l a b l e  i n  March 1970, a t  which 
t i m e  i t  is  also hoped t h e  atom probe  w i l l  be  o p e r a t i o n a l .  
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11 .  Measurement of  Atomic Order  
There  are  a number of (sometimes) c o n f l i c t i n g  d e f i n i t i o n s  of 
a tomic  o r d e r i n g  p a r a m e t e r s .  A comple te  summary of these and t h e i r  
e x p l i c i t  meanings i n  terms of  f i e l d - i o n  micrographs  w i l l  be g i v e n  
i n  t h e  March 1970 r e p o r t .  For  o u r  p r e s e n t  pu rposes  w e  d e f i n e  t h e  
long-range o r d e r  parameter  due t o  Bragg and Wil l iams,’  one of t h e  
e a r l i e s t  d e f i n i t i o n s ,  and a modi f ied  v e r s i o n  due t o  Cowley2 which 
a p p e a r s  m o s t  a p p l i c a b l e  a t  t h e  moment. 
The Bragg-Williams r e s u l t  f o r  S ,  t h e  long-range o r d e r  pa rame te r ,  
may be  c o n v e n i e n t l y  e x p r e s s e d  a s  
where S g o e s  from 0 ( d i s o r d e r )  t o  1 ( f u l l  o r d e r ) ,  k and T have 
t h e i r  u s u a l  meanings,  Vo is  t h e  ene rgy ,  V ,  r e q u i r e d  t o  exchange 
an  atom from a r i g h t  t o  a wrong s i t e  a t  f u l l  o r d e r  (S = l), and 
X is t h e  parameter  (V/kT).  Thus t h e  c u r v e  of  S a s  a f u n c t i o n  of 
X y i e l d s  e q u i l i b r i u m  S v a l u e  f o r  a g i v e n  t e m p e r a t u r e .  The S v e r s u s  
X c u r v e  f o r  P t F e  is  shown i n  F i g u r e  1. 
A t  t h e  o r i g i n  of t h e  c u r v e  t h e  s l o p e  of  two c r u v e s  a r e  t h e  same. 
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a l s o  
%PI x=o = -1 x= 0 
kTc = 1 , Vo = 4kT, 
vo 4 
vo - kTC - -  
2 
E, = N g  
s2 1 E = - ( 1 -  kTC 2 
- 1  
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The d e f i n i t i o n s  of s h o r t - r a n g e  o r d e r  by Cowley2 may be  
r e l a t e d  t o  S by e q u a t i o n s  of t h e  t y p e :  
And for AB (B;C.C. )  t y p e  s t r u c t u r e  
2 
Tc s2 !'l + s 
1 - s  
In 2 " =  2  
The v a l u e s  found from t h i s  e q u a t i o n  f o r  t h e  P tFe  c a s e  are  p l o t t e d  
a g a i n s t  T i n  F i g u r e  23. 
A mod i f i ed  d e f i n i t i o n  of these p a r a m e t e r s  l e a d s  t o  a d e s c r i p t i o n  
s u i t a b l e  for measurements from f i e l d - i o n  micrographs .  The e x p r e s s i o n  
. n  
n= 1 
S = 2 An(2rE - 1) 
where An is t h e  a r e a  of t h e  nth domain v i s i b l e  on a micrograph 
and rn is t h e  f r a c t i o n  of atoms on t h e i r  c o r r e c t  s i t e  i n  t h e  
n t h  domain. 
a 
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A .  Dete rmina t ion  of t h e  Long-Range Order Parameter  w i t h  
t h e  FIM 
T h r e e  methods t o  d e t e r m i n e  t h e  long-range  o r d e r  pa rame te r  of 
s i n g l e  domain from t h e  f i e l d - i o n  images a r e  d i s c u s s e d  i n  d e t a i l .  
These a r e  t h e  c o u n t i n g  method, o p t i c a l  t r a n s f o r m a t i o n ,  and 
computer s i m u l a t i o n .  
1. Count ing  Method 
Tsong3 coun ted  i n v i s i b l e  sites on t h e  w e l l - r e s o l v e d  p l a n e s  
from t h e  f i e l d - i o n  image t o  c a l c u l a t e  long-range o r d e r  parameter  
of a lmost  f u l l y  o r d e r e d  PtCo. Gold counted  on t h e  w e l l - r e s o l v e d  
(012) p l a n e  of P t  - 2 a /o  Au and P t  - 2 a/o N i  a l l o y s  t o  de t e rmine  
Warren s h o r t - r a n g e  o r d e r  p a r a m e t e r s  of t h i s  a l l o y .  There  a r e  some 
d i s a d v a n t a g e s  of these methods because  t h e  number of p o i n t s  which 
c a n  be  counted  on t h e  w e l l - r e s o l v e d  p l a n e s  a r e  r e l a t i v e l y  s m a l l ,  
and t h e  i n v i s i b l e  s i t e  c o u l d  be a r t i f a c t  v a c a n c i e s  d u e  t o  t h e  
p r e f e r e n t i a l  f i e l d  e v a p o r a t i o n  or r e a l  v a c a n c i e s  r a t h e r  t h a n  
misp laced  atoms,  t h u s  t h e  u n c e r t a i n t i e s  of t h e  r e su1 t . s  a r e  
r e l a t i v e l y  h i g h .  
I n s t e a d  of c o u n t i n g  t h e  i n v i s i b l e  s i t es ,  i f  w e  c o u n t  t h e  
v i s i b l e  s i t e s  p o i n t  by p o i n t  around c o n c e n t r i c  a tomic  c h a i n  r i n g s  
of t h e  s u p e r l a t t i c e  o r  l a y e r e d  p l a n e s ,  i t  is p o s s i b l e  t o  i n c r e a s e  
t h e  t o t a l  numbers of p o i n t s  coun ted ,  d e c r e a s i n g  t h e  u n c e r t a i n t i e s  
due t o  t h e  a r t i f a c t  v a c a n c i e s  and t h e  e q u i l i b r i u m  v a c a n c i e s .  
Assuming t h a t  t he  l o c a l  r a d i u s  of t h e  f i e l d - i o n  specimen t i p  
a t  a g iven  s u p e r l a t t i c e  p o l e  is c o n s t a n t ,  a t  g i v e n  e lec t r ic  f i e l d  
s t r e n g t h ,  t h e  r a d i u s  of t h e  f a m i l y  of t h e  c o n c e n t r i c  r i n g s  measured 
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f rom t h e  c e n t e r  of  t h e  p o l e  c a n  be d e r i v e d  a s  t h e  f u n c t i o n  of t h e  
number of  l a y e r s  and t h e  r a d i u s  of t h e  f i e l d - i o n  specimen t i p .  
( 7 )  R2 = ( R  - n d )  Jr rn 2 
where R is t h e  r a d i u s  of  t h e  specimen t i p ,  rn is  t h e  r a d i u s  of  t h e  
nth c o n c e n t r i c  r i n g ,  and d i s ' t h e  i n t e r p l a n a r  d i s t a n c e  of  the 
super  l a t t i c e  p l a n e s .  
Then 
r n = (2Rnd - n 2 d 2 p 2  ( 8  ) 
The r a d i u s  o f  t h e  c o n c e n t r i c  r i n g  is c a l c u l a t e d  f o r  t h e  (001) 
p l a n e  of P t F e  u s i n g  e q u a t i o n  (8)  and p l o t t e d  i n  F i g u r e  2 -  
The r a d i u s  o f  t h e  t i p  is  a l s o  c a l c u l a t e d  u s i n g  Mcller's 
e m p e r i c a l  e q u a t i o n  of  t h e  e l e c t r i c  f i e l d 4  a s  a f u n c t i o n  of  t h e  
a p p l i e d  v o l t a g e  and t i p  r a d i u s .  
V 
9 F =  
F is t h e  e l ec t r i c  f i e l d  n e a r  t h e  specimen t i p ,  V is t h e  a p p l i e d  
v o l t a g e ,  and R is t h e  r a d i u s  of t h e  specimen t i p .  
The s t r e n g t h  o f  t h e  f i e l d  r e q u i r e d  for t h e  b e s t  image c o n d i t i o n  
depends on t h e  imaging g a s e s .  For  i n s t a n c e ,  450 MV/cm is  r e q u i r e d  
f o r  H e .  The r a d i u s  o f  t h e  t i p  p l o t t e d  a s  a f u n c t i o n  of t h e  a p p l i e d  
p o t e n t i a l  f o r  d i f f e r e n t  imaging g a s e s  u s i n g  e q u a t i o n  (.9) is shown 
i n  F i g u r e  3 .  
From F i g u r e  2 ,  i t  is  clear  t h a t  t h e  r a d i u s  of  t h e  c o n c e n t r i c  
r i n g s ,  measured a t  d i f f e r e n t  t i p  r a d i i ,  a re  d i f f e r e n t .  T h i s  means 
t h a t  t h e  mic rographs  o b t a i n e d  a t  d i f f e r e n t  t i p  r a d i i  or a p p l i e d  
-6- 
p o t e n t i a l s  can  no t  be u s e d  t o  compare t h e  r a d i u s  of c o n c e n t r i c  
r i n g s .  However, i t  is found t h a t  i f  w e  normal ize  a l l  t h e  c r u v e s  
i n  F i g u r e  3 ( i . e . ,  d i v i d e  a l l  t h e  rnls of  a cu rve  by t h e  v a l u e  of 
r l) ,  a l l  t h e  c u r v e s  w i l l  be r educed  t o  a s i n g l e  cu rve  a s  shown i n  
F i g u r e  4. The micrographs ,  o b t a i n e d  u s i n g  d i f f e r e n t  a p p l i e d  
p o t e n t i a l s ,  can  be compared o r  e q u i v a l e n t l y  e v a l u a t e d  f o r  t h e  
p o i n t  c o u n t s  by no rma l i z ing  a l l  t h e  cu rves .  
The number o f  image p o i n t s  o r  atoms on t h e  k i n k  si tes of t h e  
p l a n e s  is p r o p o r t i o n a l  t o  t h e  r a d i u s  of  t h e  c o n c e n t r i c  r i n g s .  
The re fo re ,  i f  w e  p l o t  t h e  number of image p o i n t s  on each  r i n g  a s  
a f u n c t i o n  n, a s i m i l a r  cu rve  t o  t h e  r v e r s u s  n cu rve  s h o u l d  
be o b t a i n e d .  Fur thermore ,  t h i s  cu rve  w i l l  match w i t h  t h e  cu rve  
n 
of F i g u r e  4 i f  w e  no rma l i ze  a l l  t h e  c o u n t s .  Any d e v i a t i o n  from 
t h e  c a l c u l a t e d  o r  s t a n d a r d  c u r v e s  c a n  be c o n v e r t e d  i n t o  t h e  number 
o f  misp laced  atoms. The  c o u n t s  a c t u a l l y  y i e l d  t h e  f r a c t i o n  of 
B atoms (nonimaging, Fe atoms i n  t h e  c a s e  P t F e )  on a s i t e s  o r  
A atoms on f3 sites of t h e  g i v e n  domain. 
o r  rp s h o u l d  be c o r r e c t e d  w i t h  known v a l u e  a T h i s  v a l u e  of r 
of t h e  e q u i l i b r i u m  c o n c e n t r a t i o n  of  t h e  v a c a n c i e s ,  The e q u i l i b r i u m  
vacancy c o n c e n t r a t i o n  i n  o r d e r e d  a l l o y s  i s  a l s o  dependent  o n  
t h e  deg ree  of t h e  o r d e r  of t h e  a l l o y  and t h e  v a c a n c i e s  a r e  no t  
un i fo rmly  d i s t r i b u t e d  between a and @ s i t e s .  The e q u i l i b r i u m  
c o n c e n t r a t i o n s  on each t y p e  of s i t e  is g i v e n  a s  f o l l o w s :  
2kT 
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where C: and  CB a r e  t h e  vacancy c o n c e n t r a t i o n s  i n  a and f3 s i t e s  
r e s p e c t i v e l y .  2 is t h e  c o o r d i n a t i o n  number and S is t h e  long- 
V 
r ange  order  parameter .  
f o r  t h e  f o r m a t i o n  of v a c a n c i e s  i n  p u r e  B and A r e s p e c t i v e l y ,  k 
Ebb and  Eaa are  t h e  a c t i v a t i o n  e n e r g i e s  
is t h e  Boltzmann c o n s t a n t  and  T is t h e  a b s o l u t e  t empera tu re .  
2 .  O p t i c a l  T rans fo rma t ion  of a F i e l d - I o n  Micrograph 
The d i f f r a c t i o n  p a t t e r n  of a n  arrangement  of h o l e s  each  
r e p r e s e n t i n g  a s i n g l e  atom o r  molecule  i s  cal led i ts  o p t i c a l  
t r ans fo rm.  The o p t i c a l  t r a n s f o r m  is  c l o s e l y  r e l a t e d  t o  t h e  
F o u r i e r  t r ans fo rm,  t h e  u s e  of which i n  c r y s t a l  s t r u c t u r e  d e t e r -  
m i n a t i o n  was s u g g e s t e d  by E w a l d  and Knot i n  1940.5 The i n t e n s i t y  
. i n  a n  o p t i c a l  t r a n s f o r m  is p r o p o r t i o n a l  t o  t h e  s q u a r e  of t h e  
modulus of t he  F o u r i e r  t r ans fo rm.  
The F o u r i e r  t r a n s f o r m  of a th ree -d imens iona l  per iodic  
l a t t i c e  is 
n=N 
G ( s )  = f,(s) exp (2nirn-'S) 
n= 1 
where f (s) is  a s c a t t e r i n g  f u n c t i o n  of a n  atom, r describes t h e  
c o o r d i n a t e s  of t h e  atoms,  and s is t h e  r e c i p r o c a l  l a t t i c e  v e c t o r .  
n n 
The o n l y  d i f f e r e n c e  be tween .an  o p t i c a l  and a F o u r i e r  t r a n s f o r m  
is  t h a t  t h e  ho les  which have t h e  t r a n s p a r e n c y  d i s t r i b u t i o n  o f  f n  
on t h e  mask  a r e  a r r a n g e d  i n  t w o  dimensions.  However, t h e  
e x p r e s s i o n  i n  e q u a t i o n  (11) a p p l i e s  i n  t h i s  c a s e .  S i n c e  i t  is 
d i f f i c u l t  t o  r e p r e s e n t  a t h ree -d imens iona l  ob jec t  o p t i c a l l y ,  f o r  
most o p t i c a l  pu rposes  r w i l l  be c o n f i n e d  t o  a p l a n e  and  u s u a l l y  
t h i s  w i l l  be t h e  p l a n e  nbrmal t o  t h e  i n c i d e n t  beam. 
n 
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For p e r f e c t l y  p e r i o d i c  a r rangements  of atoms o r  molecu le s  i t  
is u s u a l  t o  p r e p a r e  t r a n s f o r m s  of o n l y  one u n i t  c e l l ,  b u t  f o r  
d i s o r d e r e d ,  i m p e r f e c t  a r rangements  t h e  t r a n s f o r m  of  l a y e r  a r r a y s  
must be p repa red  f o r  comparison w i t h  t h e  x- ray  p a t t e r n .  The whole 
f i e l d - i o n  image can  be c o n s i d e r e d  a s  a two-dimensional a r rangement  
of  a tomic  s i t e s  showing a p o r t i o n  of them,  Though t h e  image 
p o i n t s  a p p e a r i n g  on t h e  f i e l d - i o n  image r e p r e s e n t  some f r a c t i o n  
of t h e  a c t u a l  a tomic  sites, a l l  t he  image p o i n t s  cou ld  be i n t e r -  
connec ted  w i t h  a v e c t o r  which would be some m u l t i p l e  of t h e  
l a t t i c e  pa rame te r  depending on t h e  p l a n e s  on which t h e  image 
p o i n t s  a r e  r e s o l v e d .  Thus, i f  w e  c u t  a mask from a r e g i o n  of t h e  
f i e l d - i o n  image c o n t a i n i n g  o n l y  a s i n g l e  po le ,  w e  s h o u l d  be a b l e  
t o  o b t a i n  a u s e f u l  o p t i c a l  d i f f r a c t i o n  p a t t e r n  w i t h  which t h e  
group o f  image p o i n t s  w i t h  t h e  p r e f e r r e d  d i s t a n c e  can b e  s o r t e d  
o u t .  T h i s  is, i n  f a c t ,  a v e r y  u s e f u l  p i e c e  of i n f o r m a t i o n  f o r  
t h e  d e t e r m i n a t i o n  of t h e  long-range o r d e r  pa rame te r  f rom f i e l d -  
i o n  micrographs  of  t h e  p a r t i a l l y  o r d e r e d  a l l o y .  The f i e l d - i o n  
image of a d i s o r d e r e d  a l l o y  a p p e a r s  a s  a n  i r r e g u l a r  a r rangement  
of t h e  image p o i n t s ;  however, t h e  p o i n t s  can  a l s o  be t r a c e d  t o  
t h e  a tomic  s i t e s  on t h e  s u r f a c e  n o t  v e r y  f a r  o f f  from t h e  correct 
l a t t i c e  s i t e s .  I n  t h e  c a s e  of P tFe ,  o n l y  P t  atoms c o n t r i b u t e  t o  
t h e  image and h a l f  t h e  P t  atoms a r e  l o c a t e d  on t h e  'x s i t e s  and 
t h e  o t h e r  h a l f  on t h e  f3 s i t e s .  The image of  t h e  f u l l y  o r d e r e d  
a l l o y  r e p r e s e n t s  o n l y  o n e  t y p e  of  s i t e ,  namely Q si tes .  Thus i f  
w e  chose t h e  same r e g i o n  i n  bo th  c a s e s  (o rde red  and d i s o r d e r e d )  
fo r  t h e  masks of t h e  o p t i c a l  t r a n s f o r m s ,  t h e  d i f f r a c t i o n  p a t t e r n  
o b t a i n e d  from t h e  d i s o r d e r e d  micrograph  s h o u l d  c o n t a i n  a l a r g e r  
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number of  g roups  of  ima.ge p o i n t s  w i t h  p r e f e r r e d  d i s t a n c e s  t h k n  
t h e  o r d e r e d  micrograph .  The g roup  o f  p o i n t s  w i t h  a p r e f e r r e d  
s p a c i n g  c o n t r i b u t e s  a pronounced i n t e n s i t y  maximum on t h e  
o p t i c a l  d i f f r a c t i o n  p a t t e r n  i f  t h e  mask is r o t a t e d  w h i l e  t h e  
d i f f r a c t i o n  p a t t e r n  is t a k e n .  The peak can be 1 o c a t e d . w i t h  t h e  
mic rodens i tome te r  q u i t e  p r e c i s e l y .  
The number Of i n t e n s i t y  maxima on t h e  d i f f r a c t , i o n  p a t t e r n  
of t h e  o r d e r e d  micrograph  is  s m a l l e r  t h a n  t h a t  o f  t h e  d i s o r d e r e d  
image, y e t  t h e  t o t a l  i n t e g r a t e d  i n t e n s i t i e s  shou ld  be t h e  same 
i n  b o t h  c a s e s  p rov ided  an  e q u a l  number of t h e  image p o i n t s  are  
t r ans fo rmed .  T h e  i n t e g r a t e d  i n t e n s i t i e s  of  t h e  d i s o r d e r e d  t r a n s -  
form, e x c l u d i n g  t h o s e  peaks which co r re spond  t o  t h e  peaks  of  t h e  
o r d e r e d  t r ans fo rm,  a r e  a measure of t h e  number of  misp laced  atoms 
on wrong sites. T h i s  is t r u e  a l s o  f o r  t h e  p a r t i a l l y  o r d e r e d  
t r a n s f o r m s .  The maximum number of  t h e  atoms which a r e  on  t h e  
wrong s i t e s  when t h e  a l l o y  is comple t e ly  d i s o r d e r e d ,  a s  i n  t h e  
c a s e  o f  t h e  AB t y p e  s u p e r l a t t i c e ,  i s  t h e  same a s  t h e  a tomic  
f r a c t i o n  o f  t h a t  a l l o y .  Consequent ly ,  t h e  f o l l o w i n g  r e l a t i o n s h i p  
is o b t a i n e d .  
. .  
xA 
where I is t h e  i n t e g r a t e d  i n t e n s i t i e s  of t h e  peaks  from t h e  
p a r t i a l l y  o r d e r e d  a l l o y ,  and Id is t h a t  of t h e  comple t e ly  d i s -  
o r d e r e d  a l l o y ,  rcI is  t h e  f r a c t i o n  of  A atoms on r i g h t  s i t e s ,  and 
X is  t h e  a tomic  f r a c t i o n  o f  t h e  A atoms i n  t h e  a l l o y .  Then 
P 
A 
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I t  is p o s s i b l e  t o  c a l c u l a t e  t h e  long-range  o r d e r  parameter  of a 
s i n g l e  domain w i t h  t h i s  l a s t  v a l u e .  
3. Computer Simula. t ion Method 
It h a s  a l rea .dy  been demons t r a t ed  t h a t  f i e l d - i o n  images can 
6 be s i m u l a t e d  w i t h  t h e  computer u s i n g  t h e  s h e l l  model. T h i s  model 
w a s  ex t ended  t o  a. ne ighbor  model w i t h  which t h e  p o i n t  t o  p o i n t  
agreement h a s  been o b t a i n e d  on t h e  s i m u l a t i o n  of h i g h  i n d e x  poles. 
The q u a . l i t a t i v e  a n a l y s i s  f o r  l i n e  d e f e c t s ,  na.mely d i s l o c a . t i o n s ,  
d i p o l e s ,  and  loops ,  ha.s been accompl ished  by computer s i m u l a t i o n  
o f  f i e l d - i o n  images.  
I t  is p o s s i b l e  t o  s i m u l a t e  t h e  f i e l d - i o n  image of t h e  f u l l y  
o r d e r e d  a l l o y  assuming t h a t  a s i n g l e  s p e c i e s  c o n t r i b u t e s  t o  t h e  
image p o i n t s .  The p rocedure  of t h e  s i m u l a t i o n  is  s i m i l a r  t o  t h a t  
of  Moore's  s h e l l  model. The d e g r e e  of o r d e r  can be i n t r o d u c e d  
i n  t h e  p e r f e c t  l a t t i c e  by t h e  method of  Ca.hn 7 . 
6 
Then s h e l l  
model w i t h  t h e  s i n g l e  image c r i t e r i a l ,  f i e l d - i o n  image of 
p a r t i a l l y  o r d e r e d  image can be s i m u l a t e d  and f i n a l l y  a comparison 
o f  t h e  s imula - t ed  image and t h e  a c t u a , l  f i e l d - i o n  image s h o u l d  
y i e l d  t h e  long-range  o r d e r  p a r a m e t e r s .  
B.  Exper imen ta l  Methods a.nd R e s u l t s  
1. Specimen P r e p a r a t i o n  
(a) PtCo, 50 a/o PtCo wire of .OO5" d iame te r  was o b t a i n e d .  
It was c a p s u l a t e d  i n  a 1/4" d i a m e t e r  q u a r t z  t u b e  and evacua. ted 
t o  10- Torr, t h e n  sealed f o r  heat t r e a t m e n t .  The  o r d e r i n g  h e a t  
t r e a t m e n t  w a s  de t e rmined  from t h e  phase diagram of  t h e  Pt-Co 
6 
s y s t e m .  The wires were h e a t  t r e a t e d  f o r  a p e r i o d  of 125  hour s  a t  
- 11- 
750°C f o r  t h e  o r d e r e d  specimens,  and 24 h o u r s  a t  850"c  f o r  t h e  
d i s o r d e r e d  specimens.  
The spec imens  were e l e c t r o c h e m i c a l l y  p o l i s h e d  i n  a concen- 
t r a t e d  CaC12 s o l u t i o n  coo led  t o  -30QC, w i t h  9 V AC, f o r  t h e  f i n a l  
f i e l d - i o n  specimen t i p  p r e p a r a t i o n .  
(b)  Ni4Mo. A s h e e t  o f  NiLCMo ,002" t h i c k  w a s  used .  I t  was 
c u t  i n t o  t h i n  s t r i p s  w i t h  wedge s h a p e s  a t  one end of  each  s t r i p .  
They were t h e n  e n c a p s u l a t e d  w i t h  a Tantalum f o i l  i n  a q u a r t z  
t u b e  a t  10- T o r r  p r e s s u r e .  Orde r ing  heat t r e a t m e n t s  were g i v e n  6 
a t  680"c f o r  125 hour s  f o r  t h e  f u l l y  o r d e r e d  s t a t e ,  and 24 hour s  
a t  850"c f o r  t h e  d i s o r d e r e d  s t a t e .  The f i n a l  p r e p a r a t i o n  for  
t h e  f i e l d - i o n  t i p  was done by electrochemical p o l i s h i n g  i n  a 
10% H C 1  s o l u t i o n ,  w i t h  4 V AC. 
(c) Pt,Fe. In o r d e r  t o  produce t h i s  a l l o y ,  i r o n  was electro- 
p l a t e d  on p l a t inum w i r e  w i t h  a dia.meter of ,005". The d i f f u s i o n  
h e a t  t r e a t m e n t s  were t h e n  g i v e n  i n  t h e  vacuum f u r n a c e  a t  T o r r  
p r e s s u r e  and  1200°C fo r  a p e r i o d  of  15 days .  The l o s s  of t h e  
weight  d u r i n g  the  d i f f u s i o n  was c o n s i d e r e d  t o  be the  i r o n  and an  
a d d i t i o n a l  amount of i r o n  was p l a t e d  i n i t i a l l y  t o  compensate f o r  
t h i s  loss .  The  e l e c t r o c h e m i c a l  p o l i s h i n g  t r e a t m e n t  was t h e  same 
a s  t h e  one f o r  t h e  PtCo a l l o y .  
(d)  P tFe .  Vacuum i n d u c t i o n  m e l t e d  50-50 a /o  P tFe  a l l o y  was 
f u r n i s h e d  b y  M a t e r i a l s  Research  Corpora t ion .  The a l l o y  was i n  
t h e  form of a b u t t o n  of 1/2" d i a m e t e r  and 1/4" t h i c k .  T h i s  
b u t t o n  was h e a t  t r e a t e d  i n  a n  i n e r t  g a s  ( a rgon)  a tmosphere a t  
1400°C f o r  a p e r i o d  of 7 days  i n  o r d e r  t o  homogenize. Then i t  
was c u t  i n t o  t h i n  s l i ce s  of .020'' t h i c k  w i t h  t h e  s p a r k  c u t t e r .  
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T h i s  s l i c e  was f u r t h e r  c u t  i n t o  t h e  form o f  a wedge shape  f o r  u s e  
a s  f i e l d - i o n  t i p s .  
Four  d i f f e r e n t  h e a t  t r e a t m e n t s  were g i v e n  i n  o r d e r  t o  o b t a i n  
v a r y i n g  d e g r e e s  of  o r d e r  i n  t h e  a l l o y ,  1400°C f o r  d i s o r d e r ,  
12OO0C, gOO"C, and  450"C, f o r  p a r t i a l l y  o r d e r e d  s t a t e s .  Whether 
it e q u i l i b r i u m  was a t t a i n e d  canno t  be e a s i l y  proved, b u t  con- 
s i d e r i n g  t h e  mean d i f f u s i o n  d i s t a n c e  r e q u i r e d  f o r . t h e  o r d e r i n g  
p r o c e s s ,  t h e  h e a t  t r e a t m e n t  p e r i o d  o f  168 h r s .  mas though t  t o  be 
s u f f i c i e n t .  The e q u i l i b r i u m  s t a t e  f o r  t h e  lower t e m p e r a t u r e s  was 
a t t a i n e d  by s low c o o l i n g  (5O/hr.) from t h e  e q u i l i b r i u m  s t a t e  o f  
t h e  h i g h e s t  t e m p e r a t u r e .  
2 .  R e s u l t s  
F i e l d  i o n  images of f u l l y  o r d e r e d  and comple t e ly  random 
s t a t e s  of  PtCo, NihMo, P tFe  and P t  Fe have been o b t a i n e d .  
o r d e r e d  a l l o y s  show r e g u l a t  f i e l d  i o n  image compatable  t o  t h a t  of  
The 3 
p u r e  m e t a l s  w h i l e  t h e  d i s o r d e r e d  a l l o y s  show i r r e g u l a r  f i e l d  i o n  
images a s  shown i n  F i g u r e  6 th rough  12. 
I n  a n  a l l o y  t h e  b i n d i n g  ene rgy  of a n  atom depends n o t  o n l y  
on its p o s i t i o n  i n  t h e  l a t t i c e ,  b u t  a l s o  on i t s  i d e n t i t y  and t h e  
i d e n t i t y  of  i t s  ne ighbors .  I f  t h e  atoms a r e  a r r a n g e d  i n  t h e  
l a t t i c e  i n  random f a s h i o n  o r d e r  of f i e l d  e v a p o r a t i o n  becomes 
i r r e g u l a r  (compared w i t h  a p u r e  m e t a l )  r e s u l t i n g  i n  a n  i r r e g u l a r  
f i e l d - i o n  image. However, t h e  atoms i n  o r d e r e d  a l l o y s  have 
uni form s u r r o u n d i n g s  e x c e p t  f o r  a f e w  c a s e s ,  and t h i s  leads t o  
a normal mode of  f i e l d  e v a p o r a t i o n  and t o  r e g u l a r  f i e l d  i o n  
images. 
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Ralph8 r e p o r t e d  t h a t  two phases  were obse rved  i n  a s i n g l e  micro- 
graph  of a p a r t i a l l y  o r d e r e d  Pt-Co a l l o y ,  y e t  a d i s t i n c t  boundary 
between t h e  two phases was n o t  observed .  T h i s  was confirmed by 
Tsongb o b s e r v a t i o n  o f  p a r t i a l l y  o r d e r e d  Pt-Co? However, no 
a t t e m p t  h a s  been made t o  measure t h e  long-range o r d e r  pa rame te r  
from t h e i r  obse rva . t i ons .  We have s t u d i e d  t h e  p a r t i a l l y  o r d e r e d  
P tFe  t o  measure t h e  long-range order parameter  and t h e  p o s s i b l e  
mode of t h e  development of  t he  domain s t r u c t u r e s  and domain 
boundar i e s .  F i g u r e  15 t h rough  F i g u r e  17 show t h e  a tomic  a r r ange -  
ment of  t h e  u n i t  c e l l s  o f  PtFe,  P t  Fe and P tFe  r e s p e c t i v e l y .  
F i g u r e  18 shows t h e  f i e l d  i o n  image o f  p a r t i a l l y  ordered P tFe  
( h e a t  t r e a t e d  a t  1200°C) and i ts  index  i n  F i g u r e  
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19 .  F i g u r e  20, 
shows a n o t h e r  f i e l d - i o n  micrograph  o b t a i n e d  from a n e a r l y  o r d e r e d  
a l l o y  (heat t r e a t e d  a t  450°), t h e  index ing  o f  t h i s  micrograph  is  
shown i n  F i g u r e  2 1 .  F i g u r e  22 shows a f i e l d  i o n  micrograph 
o b t a i n e d  from t h e  same specimen which was h e a t  t r e a t e d  a t  900°C. 
The long-range o r d e r  pa rame te r  S w a s  c a l c u l a t e d  w i t h  t h e  method 
d e s c r i b e d  above. These v a l u e s  a r e  p l o t t e d  i n  F i g u r e  23 w i t h  t h e  
theore t ica l  v a l u e s  of  Bragg and Wil l iams 'and  Cowleyls l ong  r a n g e  
o r d e r  pa rame te r s .  1-2 
F i g u r e  24 shows a s t a t i o n a r y  o p t i c a l  d i f f r a c t i o n  p a t t e r n  of 
t h e  f i e l d - i o n  micrograph  of F i g u r e  22 and t h e  r o t a t e d  d i f f r a c t i o n  
p a t t e r n  is  shown i n  F i g u r e  25. 
I 
F i g u r e  26 is t h e  co r re spond ing  
mic rodens i tome te r  trace th rough  t h e  r o t a t e d  d i f f r a c t i o n .  I t  is 
found t h a t  i n t e n s i t y  maxima o c c u r  a t  which t h e  number of t h e  
p r e f e r r e d  d i s t a n c e  g roups  are  l a r g e  enough. These g roups  a r e  
shown i n  F i g u r e  27, which  is d i r e c t l y  measured from t h e  p a t t e r n  
used  a s  a mask. There  is  some o v e r l a p  o f  t h e  d i s t a n c e s  measured 
from t h e  center t o  c e n t e r  s p a c i n g s  because  of t h e  f i n i t e  s i z e  of  
t h e  image p o i n t s .  T h i s  a f f e c t s  t h e  d i f f r a c t i o n  p a t t e r n  a s  
d i f f u s e d  i n t e n s i t i e s  between t h e  i n t e n s i t y  maximum, which makes 
t h e  d e t e r m i n a t i o n  of  t h e  i n t e n s i t y  maxima more d i f f i c u l t .  It  
was n o n e t h e l e s s  p o s s i b l e  t o  c o r r e l a t e  t h e  i n t e n s i t y  maxima 
w i t h  t h e  p r e f e r r e d  d i s t a n c e  g roups .  The i n t e g r a t e d  i n t e n s i t i e s  
are  p r o p o r t i o n a l  t o  t h e  number of these p r e f e r r e d  d i s t a n c e s  a s  
expec ted .  However, we cannot  a s  y e t  have complete  conf idence  i n  
t h i s  t e c h n i q u e  i n  de t e rmin ing  o r d e r i n g  pa rame te r s .  Work w i l l  
c o n t i n u e  on t h i s  p o i n t .  
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111. Development of t h e  Atom Probe  
The atom probe  microscope is a s p e c i a l  a d a p t a t i o n  of t h e  
f i e l d  i o n  microscope  w i t h  which i n d i v i d u a l  a tomic  s p e c i e s  can  be 
i d e n t i f i e d .  A t o m s  from t h e  t i p  of  t h e  FIM specimen a r e  f i e l d  
e v a p o r a t e d  by a h i g h  v o l t a g e  p u l s e  and  ana lyzed  i n  a time-of- 
f l i g h t  mass s p e c t r o m e t e r .  By o r i e n t i n g  a p a r t i c u l a r  image s p o t  
o v e r  a small  h o l e  i n  t h e  viewing s c r e e n  l e a d i n g  t o  t h e  t i m e  of  
f l i g h t  t ube ,  a s i n g l e  atom can  be s e l e c t e d  and  ana lyzed .  T h i s  
c a p a b i l i t y  is ex t r eme ly  i m p o r t a n t  for t h e  i n t e r p r e t a t i o n  of 
f i e l d - i o n  images, e s p e c i a l l y  i n  multicomponent sys tems.  
I n  d e s i g n i n g  a n  atom p robe  microscope  there are  many factors, 
v e r y  o f t e n  i n  mutua l  o p p o s i t i o n ,  t o  be c o n s i d e r e d .  It is de- 
s i r a b l e  t o  have t h e  FIM t i p  a t  t h e  c e n t e r  of  a t i l t i n g  and  
r o t a t i n g  a r rangement  so t h a t  t h e  image can  be moved e a s i l y  
w i t h o u t  i n t r o d u c i n g  aiming e r r o r s .  The v iewing  s c r e e n  must be 
i n  l i n e  w i t h  t h e  d r i f t  t u b e  and  y e t  a l l o w  some means f o r  o b s e r v i n g  
t h e  image. The p r e s s u r e  i n  t h e  d r i f t  t u b e  must be low t o  p r e v e n t  
s c a t t e r i n g ,  y e t  t h e  imaging chamber s h o u l d  have about  one micron 
of i n e r t  g a s  p r e s s u r e  i n  o r d e r  t o  o p e r a t e  p r o p e r l y .  A c o a x i a l  
cable f o r  t h e  h i g h  v o l t a g e  p u l s e  s h o u l d  l e a d  a s  c l o s e  a s  p o s s i b l e  
t o  t h e  t i p  t o  p r e v e n t  a l t e r a t i o n  o f  t h e  p u l s e  shape  and h e i g h t .  
The t i p  must be  c o o l e d  t o  a v e r y  low t e m p e r a t u r e  s o  t h a t  a h i g h  
r e s o l u t i o n  image can  be a t t a i n e d .  T i p  mounting must be f a i r l y  
conven ien t  and some method s h o u l d  be a v a i l a b l e  f o r  a d j u s t i n g  
t h e  t i p  t o  t h e  c e n t e r  of t ilt  and  r o t a t i o n .  A s e n s i t i v e  de t ec -  
t i o n  d e v i c e  must be i n s t a l l e d  t o  s i g n a l  t h e  a r r i v a l  of a s i n g l e  
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i o n  a t  t h e  end  of  t h e  d r i f t  t u b e .  A p u l s i n g  u n i t  c a p a b l e  of  
d e l i v e r i n g  a h i g h  v o l t a g e  p u l s e  of s h o r t  d u r a t i o n  must be connec ted  
i n  w i t h  t h e  D.C. h i g h  v o l t a g e  l e a d .  P r o v i s i o n s  must be made f o r  
viewing p o r t s ,  p r e s s u r e  gages,  g a s  i n l e t s ,  a l i gnmen t  o f  c r i t i ca l  
components, and s o  on. 
The d e s i g n  f i n a l l y  a r r i v e d  a t  is a series of compromises, 
b u t  is one which s h o u l d  o f f e r  t h e  best o v e r a l l  performance and  
v e r s a t i l i t y ,  The major d e s i g n  problem was t h e  movable t i p  h o l d e r  
assembly.  
of t h e  specimen h o l d e r  and a s s o c i a t e d  p a r t s .  L iqu id  hydrogen is 
f e d  i n t o  t h e  t i p  h o l d e r  r e g i o n  through a s t a i n l e s s  s tee l  bellows. 
F i g u r e s  28 and  29 show t h e  p h y s i c a l  arrangement  
To p r o v i d e  t h e  n e c e s s a r y  t i l t i n g  and  r o t a t i n g  c a p a b i l i t y ,  t h e  
specimen h o l d e r  is p i v o t e d  abou t  two p e r p e n d i c u l a r  a x e s  and is 
moved by a m a n i p u l a t i n g  r o d  l e a d i n g  th rough  t h e  body w a l l  by 
means of  a n o t h e r  bellows. The e lec t r ica l  l e a d  is i n c o r p o r a t e d  i n  
t h e  m a n i p u l a t o r  assembly, and coaxia .1  c a b l e  comes a l l  t h e  way from 
t h e  o u t s i d e  t o  t h e  b a l l  j o i n t .  The s h i e l d i n g  is made c o n t i n u o u s  
a t  t h e  j o i n t  by means of t w o  mat ing  s p h e r i c a l  s h e l l s .  
Loading of t i p s  is accompl ished  by removing t h e  e n t i r e  
specimen h o l d e r  assembly on a n  e i g h t  i n c h  f l a n g e .  The h i g h  
v o l t a g e  lead-manipula tor  c o n n e c t i o n  is broken  by withdrawing t h e  
m a n i p u l a t o r  r o d  from t h e  o u t s i d e .  Alignment o f  t h e  t i p s  t o  
c e n t e r  is f a c i l i t a t e d  by having  s m a l l  h o l e s  d r i l l e d  through t h e  
p i v o t  c e n t e r s .  By p l a c i n g  a s t r o n g  l i g h t  behind  one h o l e  and 
viewing th rough  t h e  o t h e r  w i t h  a s m a l l  t e l e s c o p e ,  t h e  shank of 
t h e  t i p  can  be b e n t  u n t i l  t h e  t i p  end is centered i n  t h e  h o l e s ,  
and hence, t h e  c e n t e r s  of  r o t a t i o n .  
-17- 
The image is  viewed th rough  a s ide  p o r t  by means of  a f r o n t  
s i l v e r e d  m i r r o r  s e t  behind  t h e  screen a t  a 45" a n g l e .  
s c r e e n  i t s e l f  is made on  a d i s k  of o p t i c a l l y  f l a t  c l e a r  g l a s s .  A 
h o l e  h a s  been d r i l l e d  i n  t h e  center of b o t h  t h e  screen and  t h e  
m i r r o r .  A s m a l l  c o n s t r i c t i o n  t u b e  l e a d s  from t h e  imaging chamber 
t o  t h e  d r i f t  t u b e  s o  t h a t  t h e  d r i f t  t u b e  can  b e ' k e p t  a t  a lower 
p r e s s u r e  by c o n t i n u o u s  pumping wh i l e  s t i l l  o f f e r i n g  a p a t h  f o r  
t h e  i o n .  The e n t i r e  body o f  t h e  microscope  is  made of s t a i n l e s s  
s t e e l  and is g o l d  p l a t e d  on t h e  i n s i d e  t o  improve t h e  vacuum 
c l e a n l i n e s s .  
The phosphor 
D e t e c t i o n  o f  t h e  incoming i o n  is done w i t h  a "Channel t ron"  
d e t e c t o r  d e v i c e .  P r e c i s e  a l ignmen t  of t h e  d r i f t  t u b e  a x i s  w i t h  
t h e  t i p - c o n s t r i c t i o n  t u b e  l i n e  is made p o s s i b l e  by a s e m i - r i g i d  
be l lows  c o n n e c t i o n  of  t h e  t u b e  to  t h e  main body. Time of f l i g h t  
d i s p l a y s  a r e  handled  by a Type 549 T e k t r o n i x  S t o r a g e  O s c i l l o s c o p e .  
The h i g h  v o l t a g e  p u l s e  is  s u p p l i e d  by a Microwave Associates 
Nanosecond P u l s e r ,  c a p a c i t o r  coupled  t o  t h e  D.C. l i v e .  
E l e c t r i c a . 1  phenomena a s s o c i a t e d  w i t h  t h e  h i g h  v o l t a g e  p u l s e  
have been t h e  most t roublesome a s p e c t  of  atom probe microscopy 
r e p o r t e d  by o t h e r  i n v e s t i g a t o r s .  D i s c o n t i n u i t i e s  i n  t h e  l i n e  and 
s h i e l d i n g  i n t r o d u c e  a l t e r a t i o n s  of  t h e  p u l s e  wh ich  a f f e c t  t h e  
u l t i m a t e  r e s o l u t i o n  of t h e  d e v i c e .  The f a c t  t h a t  t h e  l i n e  
t e r m i n a t e s  w i t h  a.n open end, t h e  FIM t i p  i t s e l f ,  cziuses r e f l e c -  
t i o n s  up  and  down t h e  l i n e  which b a d l y  c o m p l i c a t e  t h e  e v a p o r a t i o n  
process. I n  t h e  p r e s e n t  des ign ,  a l l  e f f o r t s  were made t o  minimize 
these problems.  The s h i e l d i n g  h a s  been made c o n t i n u o u s  and forms 
t h e  grounded s h i e l d  d e s i r a b l e  from imaging c o n s i d e r a t i o n s .  The 
-18- 
s h i e l d e d  ca.ble  from t h e  power s u p p l y  and  p u l s e r  e x t e n d s  t o  w i t h i n  
two i n c h e s  o f  t h e  t i p ,  a t  which p o i n t  t h e  s h i e l d i n g  is c o n t i n u e d  
by means  o f  t h e  t i p  h o l d e r  c o n s t r u c t i o n  i t s e l f .  The t r a n s m i s s i o n  
l i n e  h a s  a s  few s h a r p  bends i n  i t  as p o s s i b l e .  The problem o f  
t h e  open-ended l i n e  has been c o n s i d e r e d  and  a l lowances  have been 
made f o r  t h e  placement  of a matched l o a d  a c r o s s  t h e  t i p  and the 
s h i e l d .  Hopefu l ly ,  these  e x t r a  f e a t u r e s  w i l l  make p o s s i b l e  a n  
i n s t r u m e n t  w i t h  fewer t roublesome problems and  improved performance.  
At t h e  p r e s e n t  t i m e ,  t h e  m a j o r i t y  of t h e  p a r t s  and equipment 
needed f o r  t h e  microscope  have been o b t a i n e d .  The p a r t s  r ema in ing  
t o  be completed a r e  a s s o c i a t e d  w i t h  t h e  specimen h o l d e r  movement 
and t h e  s c r e e n  mounting. The l a r g e s t  p a r t  of t h e  p r o j e c t  from 
t h i s  p o i n t  on  is t h e  assembly, a l ignmen t  and t e s t i n g  of t h e  
v a r i o u s  components. 
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Fig. 1. Bragg & W i l l i a m s  S Vs X curve 
f o r  PtFe a l l o y  wi th  Tc = 131OOC. 
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Fig. 3. The t i p  r a d i u s  R V s  appl ied 
p o t e n t i a l  V f o r  t h e  b e s t  image condi- 
t i o n  of d i f f e r e n t  image gases .  
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Fig. 2 .  Radius of the  concent r ic  
c i r c l e  r Vs n curve f o r  (001) pole  
of PtFe a l l o y  f o r  var ious  t i p  rad ius .  
NORMALIZED r n  VI n 
Fig. 4 .  Normalized rad ius  of t h e  con- 
c e n t r i c  c i rc le  r 
curve. 
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Fig. 6. F i e l d  i o n  micrograph of Fig. 7. F i e l d  i o n  micrograph of d i s -  
ordered PtCo imaged a t  l i q u i d  Ni t ro-  ordered PtCo imaged at  l i q u i d  Hydrogen 
gen temperature (77'K) 16KV H e  temperature  (21'K) 16KV H e  imaging gas .  
imaging gas .  
Fig. 8. F i e l d  i o n  micrograph of 
ordered N i  Mo imaged a t  l i q u i d  4 Hydrogen temperature  (21'K) 18KV,  H e  
imaging gas .  
Fig.  9. F i e l d  i o n  micrograph of d i s -  
ordered  N i  No, imaged a t , l i q u i d  Nitrogen 
temperature  (77'K) 15KV H e  imaging gas .  4 
Fig. 10. F i e l d  i o n  micrograph of Fig.  11. F i e l d  i o n  micrograph of d i s -  
ordered P tFe  imaged a t  l i q u i d  ordered P tFe  imaged a t  l i q u i d  Hydrogen 
Hydrogen temperature  (21'K) 17KV H e  temperature  (21'K) 16KV H e  imaging gas .  
imaging gas.  
Fig.  12. F i e l d  i o n  micrograph of 
ordered P t  Fe imaged a t  l i q u i d  
Hydrogen tempera ture  (21'K) 19KV H e  
imaging gas. Fig.  13. Phase diagram of P tFe  
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Fig. 14. P@se diagram of PtCo 
system. 
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Fig. 16. Unit cell of Pt Fe. 3 
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Fig. 15. Unit cell of PtFe. 
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Fig. 18. Field ion micrograph of 
partially ordered PtFe (Annealed at 
12OO0C), imaged at liquid Hydrogen 
temperature, 18KV He imaging gas. 
Fig. 19. Index of Fig. 18. 
Fig. 20, Field ion micrograph of 
partially cxdered PtFe (Annealed at 
4 5 0 e C ) ,  imaged a% l i q u i d  Hydrogen 
tewparature, IBKV Ba imaging gas. 
Fig. 21. Index of Fig. 20, 
Fig-  22. F i e l d  i o n  micrograph of 
p a r t i a l l y  ordered  P tFe  (Annealed at  
80OOC) w i t h  (001) po le ,  imaged a t  
l i q u i d  Hydrogen temperature ,  16KV 
H e  imaging gas .  
Fig.  23. The long range o r d e r  
parameter  S V s  temperature  T curve 
f o r  PtFe, 
Fig.  2 4 .  S t i l l  d i f f r a c t i o n  p a t t e r n  
of the o p t i c a l  t ransform of t h e  
computer s imula ted  image- 
F ig .  25. Rotated d i f f r a c t i o n  
p a t t e r n  of the o p t i c a l  t ransform 
of the same image as Fig.  24, 
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Fig. 26. Microdensitometer reading Fig. 27. The point group distribution 
across the rotated diffraction curve. 
pattern shown only a half of it. 
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